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works	 of	 connectivity	 were	 found	 to	 be	 very	 similar	 based	 on	 either	 genetic	 or	
oceanographic	 analyses.	 A	 single-	generation	 model	 of	 dispersal	 was	 not	 realistic,	
whereas	multigeneration	models	 that	 integrate	 stepping-	stone	dispersal	 and	extant	
and	historic	distribution	data	were	able	to	capture	and	model	genetic	connectivity	pat-
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cies	 of	 the	 temperate	 North	 Atlantic	 (Short,	 Carruthers,	 Dennison,	












East	Atlantic	 and	 the	 Baltic	 Sea	 under	 regional	marine	 conventions	
(HELCOM	2010;	OSPAR	2017)	and	is	also	indirectly	protected	under	
several	 EU	 directives	 including	 the	 Habitats	 Directive	 (92/43/EEC)	
and	its	Natura	2000	network.
The	 largest	 known	 areal	 distribution	 of	 Z. marina	 in	 Europe	 is	




recovered	 in	most	areas	 in	 the	1960–1980s,	but	never	obtained	 its	
historic	distribution	 (Boström	et	al.,	2014).	 In	the	following	decades,	
Z. marina	distribution	in	Denmark	decreased	again,	probably	as	a	re-
sult	 of	 nutrient	 pollution	 (Boström	et	al.,	 2014).	 It	 is	 estimated	 that	
eelgrass	in	Denmark	today	constitutes	10%–20%	of	its	historic	distri-
bution	and	that	the	depth	distribution	has	become	more	shallow	by	





largely	 been	 attributed	 to	 coastal	 eutrophication	 and	 overfishing	 of	
large	 predatory	 fish,	 causing	 a	 trophic	 cascade	 and	 an	 increase	 in	






We	 hypothesize	 that	 the	 drastic	 decline	 of	 Z. marina	 in	 the	
Skagerrak–Kattegat	region	over	the	past	140	years	has	directly	im-
pacted	meta-	population	dynamics	by	creating	a	much	reduced	and	
more	 fragmented	 eelgrass	 seascape.	 From	 a	 population	 genetics	
perspective,	this	condition	may	have	led	to	reduced	migration,	lower	











to	 greater	 resilience	 and	 resistance	 (Hughes	 &	 Stachowicz,	 2004;	
Reusch,	Ehlers,	Hämmerli,	&	Worm,	2005)	and	higher	productivity	
(Hughes,	 Inouye,	Johnson,	Underwood,	&	Vellend,	2008),	and	high	
allelic	 richness	 leads	 to	 increased	 restoration	 success	 and	ecosys-
tem	services	(Reynolds,	McGlathery,	&	Waycott,	2012).	Population	
genetics	have	also	been	used	to	understand	how	dispersal	and	gene	
flow	 affect	 temporal–spatial	 population	 structure	 of	 seagrasses	
(Hernawan	 et	al.,	 2016;	 Jahnke	 et	al.,	 2016;	 Sinclair	 et	al.,	 2016;	
Talbot	et	al.,	2016),	which	in	Z. marina	is	driven	by	dispersal	via	pol-
len	or	negatively	buoyant	seeds	 in	the	range	of	metres	 (McMahon	
et	al.,	 2014;	Orth,	 Luckenbach,	&	Moore,	 1994;	Reusch,	Boström,	
Stam,	 &	 Olsen,	 1999;	 Reusch,	 Stam,	 &	 Olsen,	 1999),	 and	 long-	
distance	dispersal	over	10s	–	100s	km	via	surface-	floating	flower-




















structure	and	connectivity	 for	Z. marina	meadows	 in	 the	Skagerrak–
Kattegat	 region.	 Our	 assessment	 includes	 a	 temporal	 comparison	
based	on	oceanographic	dispersal	modelling	of	extant	and	historical	
distribution	data	of	Z. marina	 for	 the	 region,	 and	we	 investigate	 the	
hypothesis	that	the	large	observed	decline	has	resulted	in	decreased	
connectivity	and	lower	genetic	diversity.	In	addition,	we	examine	how	
oceanographic	 and	 genetic	 barriers	 fit	 with	 present	 administrative	
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2  | MATERIAL AND METHODS
2.1 | Study area and sampling
The	 study	 covers	 the	 eastern	 Skagerrak,	 Kattegat	 and	 Belt	 seas	
along	the	eastern	part	of	the	North	Sea	(54–59°N	and	8–13°E)	with	
a	total	area	of	77,000	km2	(Figure	1).	For	simplicity,	we	refer	to	the	





three	 sites	 were	 sampled	 from	 each	 of	 the	 seven	 oceanographic	
clusters	 (from	here	on	we,	will	 refer	 to	 these	clusters	as	sampling	
areas)	to	ensure	sampling	within	and	across	potential	barriers	to	dis-
persal.	At	each	site,	40	shoots	were	collected	using	a	“roughly	linear	
swim”	 (Arnaud-	Haond,	Duarte,	 Alberto,	 &	 Serrão,	 2007)	 by	 snor-
kelling	or	diving.	Within	sites,	intersample	distance	was	maintained	
at	 1–1.5	m	 (covering	 a	 distance	 of	 40–60	m	 across	 a	meadow),	 a	
standard	distance	for	this	species	and	an	adequate	compromise	to	
capture	diversity	and	structure,	while	minimizing	resampling	of	the	
same	 genotype	 (Olsen	 et	al.,	 2004).	 Sample	 depths	 ranged	 from	
1.2	to	5.3	m.	A	total	of	920	sampling	units	were	collected.	Among	
sites,	pairwise	distances	ranged	from	~10	to	400	km	among	the	23	
sampling	 sites.	 Similar	 sampling	 scales	 between	 sites	 were	 main-
tained	 as	much	 as	possible	 to	best	 detect	 a	 slow	decline	 in	 allele	
frequency,	that	is,	8%	of	sites	have	a	pairwise	geographic	distances	
of	up	to	50	km,	21%	up	to	100	km,	23%	up	to	150	km,	22%	up	to	
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2.2 | DNA extraction and microsatellite amplification
DNA	was	 extracted	 from	~20	mg	of	 silica-	gel-	dried	 tissue	 in	96-	
well	plates	using	a	silica-	based	Cetyl	trimethylammonium	bromide	
(CTAB)	 protocol	 (Hoarau,	 Coyer,	 Stam,	 &	 Olsen,	 2007),	 except	
that	 samples	were	 incubated	 in	CTAB	 for	 1	hr	 at	 60°C.	 Twenty-	







using	the	Qiagen	Kit	Type-	IT® in a 6.2 μl	reaction	volume	following	
the	manufacturer’s	 instructions.	The	reaction	profile	consisted	of	
95°C	 for	5	min	 followed	by	30	cycles	of	95°C	 for	30	s,	56°C	 for	
1	min	30	s	and	72°C	for	30	s,	with	a	final	extension	step	of	60°C	
for	30	min.
2.3 | Microsatellite genotyping, removal of clones, 









Because	 seagrasses	 can	 spread	 clonally	 via	 rhizome	 extension,	
a	 genetic	 individual	 (genet)	 may	 consist	 of	 hundreds	 or	 thousands	
of	 shoots	 (ramets)	 covering	 several	metres.	Even	 though	a	 sampling	





Population Acronym Latitude Longitude N MLG R A21 (SD) HO (SE) HE (SE) F (SE)
Borholmen 1-	BH 10.99483 58.85127 40 32 .79 3.25	(0.12) 0.31	(0.05) 0.31	(0.05) 0.03	(0.04)
Dannholmen 1-	DH 11.22188 58.61912 40 36 .90 2.86	(0.09) 0.39	(0.05) 0.37	(0.05) −0.05	(0.06)
Storön 1-	ST 11.0705 58.57873 40 28 .69 2.57	(0.06) 0.37	(0.05) 0.39	(0.05) 0.09 (0.04)
Bubacka G-	BB 11.3702 58.34075 40 39 .97 3.21	(0.09) 0.38	(0.04) 0.40	(0.04) 0.03	(0.03)
Gåsö G-	SG 11.39633 58.2315 40 38 .95 3.74	(0.17) 0.38	(0.05) 0.37	(0.05) −0.04 (0.02)
S	Kråkerön K-	KR 11.669 57.856 40 37 .92 4.17	(0.16) 0.33	(0.05) 0.35	(0.05) 0.06 (0.05)
N	St	Överön K-	SO 11.73167 57.79033 40 34 .85 3.78	(0.14) 0.45	(0.05) 0.44	(0.04) −0.02	(0.04)
Malevik 2-	MV 11.92637 57.52893 40 40 1.00 4.15	(0.18) 0.29	(0.05) 0.36	(0.06) 0.21 (0.07)
Gottskär 3-	GS 12.02328 57.38913 40 37 .92 4.19	(0.12) 0.33	(0.06) 0.32	(0.05) 0.03	(0.08)
Getterö 3-	GO 12.20353 57.11842 40 30 .74 3.27	(0.09) 0.39	(0.05) 0.37	(0.05) −0.05 (0.04)
Grötvik	Hamn 3-	GH 12.77905 56.6415 40 14 .33 na 0.42	(0.05) 0.41	(0.05) 0.02	(0.05)
Högenäs	
Hamn
3-	HH 12.53337 56.19758 40 35 .87 3.19	(0.11) 0.39	(0.04) 0.43	(0.04) 0.09 (0.03)
N	Ordrup 4-	NO 11.38543 55.8351 40 30 .74 3.66	(0.16) 0.33	(0.05) 0.33	(0.05) 0.00	(0.03)
Hamnsö 4-	HO 11.31785 55.76127 40 32 .79 3.42	(0.15) 0.36	(0.05) 0.36	(0.05) 0.02	(0.04)
Saltbäk 4-	SB 11.18587 55.75207 40 40 1.00 3.5	(0.11) 0.34	(0.05) 0.34	(0.05) −0.01	(0.03)
Dalby	Bay 5-	DB 10.6243 55.5273 40 39 .97 3.93	(0.16) 0.38	(0.05) 0.42	(0.05) 0.06 (0.04)
Bisholt 5-	BH 9.977233 55.82987 40 21 .51 3.3	(0) 0.38	(0.05) 0.42	(0.05) 0.09 (0.03)
Bogens 5-	BO 10.57 56.2 40 34 .85 3.35	(0.10) 0.41	(0.06) 0.41	(0.05) 0.01	(0.04)
Norhold 6-	NH 10.32 56.6 40 16 .38 na 0.38	(0.05) 0.36	(0.05) 0.02	(0.06)
Limfjord 6-	LM 10.31062 56.97795 40 30 .74 3.91	(0.08) 0.40	(0.05) 0.36	(0.05) −0.09 (0.03)
Grholm 6-	GH 10.59772 57.49155 40 38 .95 3.34	(0.12) 0.36	(0.05) 0.37	(0.05) 0.08 (0.07)
Læsø 7-	LS 11.18207 57.22405 40 40 .74 4.15	(0.13) 0.35	(0.05) 0.33	(0.04) −0.03	(0.04)
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(Bailleul,	Stoeckel,	&	Arnaud-	Haond,	2016)	in	R	3.3.1	(R	Development	








and	 across	 all	 loci	 in	 each	 population	with	 Genepop	 4.2	 (Raymond	














2.4 | Genetic diversity and population differentiation
We	calculated	heterozygosity-	based	estimates	in	GenAlEx	6.5	(Peakall	
&	 Smouse,	 2012).	 Genotypic	 diversity	 (also	 called	 clonal	 diversity)	
was	calculated	based	on	MLG	identification	(as	described	above)	with	
the	 formula	MLG-	1/N-	1,	where	N	 is	 the	number	of	 ramets	 (Dorken	














Spatial	 genetic	 structure	was	 analysed	 in	 a	Bayesian	 framework	
using	two	methods:	Structure	2.3.3	(Pritchard,	Stephens,	&	Donnelly,	
2000)	 and	 TESS	 2.3	 (Chen,	 Durand,	 Forbes,	 &	 François,	 2007).	
Structure	cannot	always	identify	clusters	accurately	when	geographic	
sampling	 is	 discrete	 along	 clines	 and/or	when	 isolation-	by-	distance	











of	 likely	 Kmax	 (2–7)	 with	 a	 burn-	in	 of	 10,000	 sweeps	 followed	 by	
25,000	sweeps,	with	100	independent	runs	conducted	for	each	Kmax. 
The	 independent	 runs	were	 averaged	 and	 compared	 to	 assess	 con-











includes	 both	 successful	 movement	 and	 contribution	 to	 the	 local	
gene	pool	 (Lowe	&	Allendorf,	2010).	 In	contrast,	we	use	 “dispersal”	
when	discussing	movement	based	on	oceanographic	modelling	to	re-
flect	 a	passive	process	of	 transport	 influenced	by	currents	but	 that	
does	not	necessarily	 result	 in	any	contribution	to	a	 local	gene	pool.	
Directional	 migration	 rates	 based	 on	 the	 microsatellite	 data	 were	
estimated	 using	 two	 different	methods:	DivMigrate-	online	 (https://













BayesAss	 (Rannala	 2007)	 and	Migrate	 (Beerli	 &	 Felsenstein,	 2001),	
we	 were	 unable	 to	 do	 so	 because	 of	 problems	 with	 convergence	
and	repeatability	of	results	as	also	reported	in	other	studies	(Epps	&	
Keyghobadi,	2015;	Meirmans,	2014).
2.6 | Mapping of suitable habitat
Data	 for	 present-	day	 distribution	 of	 Z. marina were based on 
national	 inventories	 in	 Norway,	 Sweden	 and	 Denmark,	 and	
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were	 obtained	 in	 geographic	 information	 system	 (GIS)	 format	
from	 the	 Norwegian	 Environment	 Agency,	 the	 Swedish	 County	
Administrative	 Board	 of	 Västra	Götaland	 and	 the	Danish	Nature	
Agency.	Along	the	Swedish	Skagerrak	coast,	distribution	was	based	
on	 satellite	 image	 analyses	 (Envall	&	 Lawett,	 2016),	whereas	 the	
distribution	in	other	areas	was	based	on	national	field	surveys	and	
monitoring	sites.	In	the	oceanographic	modelling,	all	grid	cells	that	
intersected	 with	 eelgrass	 locations	 were	 used	 as	 sources	 in	 the	
particle	 tracking	 simulation	 and	 subsequent	 construction	 of	 the	
connectivity	matrices.











2.7 | Oceanographic dispersal based on 
particle modelling
Single-	 and	 multigeneration	 dispersal	 probabilities	 were	 estimated	
with	biophysical	modelling	based	on	 the	NEMO-	Nordic	 (BaltiX)	 cir-
culation	 model	 and	 the	 offline	 Lagrangian	 particle	 tracking	 model	




of	3.7	km	 (two	nautical	miles)	 and	a	vertical	 resolution	of	56	 layers	
of	variable	depth	(for	details	see	Hordoir,	Dieterich,	Basu,	Dietze,	&	
Meier,	2013;	Moksnes,	 Jonsson,	Nilsson	 Jacobi,	&	Vikström,	2014).	
Tidal	 harmonics	 define	 the	 sea	 surface	 height	 and	 velocities	 at	 the	
boundaries,	 and	 Levitus	 climatology	 defines	 temperature	 and	 salin-









times	 spanned	July,	August	 and	September,	with	 respective	propor-











Particle	 release	was	repeated	for	8	years	 (1995–2002),	 representing	
years	with	 a	 range	 of	North	Atlantic	 oscillation	 index	 values	 (NAO,	
Hurrell	&	Deser,	2010),	which	is	known	to	correlate	well	with	the	vari-
ability	 in	circulation	pattern.	 In	 total,	2.5	million	particle	 trajectories	
were	included.	Dispersal	probabilities	between	all	sampling	sites,	over	












terms	 of	 the	 temporal	 scale,	 32	 generations	may	 represent	 as	 little	
as	32	years	when	assuming	annual	sexual	 reproduction	of	Z. marina,	
or	 >1,000	years	 when	 assuming	 high	 levels	 of	 clonal	 reproduction	
and	clone	longevity	(Reusch,	Boström	et	al.	1999,	Reusch,	Stam	et	al.	
1999).
2.8 | Oceanographic dispersal barrier analysis
We	employed	a	clustering	method	to	identify	partial	dispersal	barri-
ers	based	on	modelled	dispersal	probabilities	in	the	seascape	(Nilsson	
Jacobi	 et	al.,	 2012).	 Only	 dispersal	 between	 areas	 with	 present	 or	
historic	 distribution	 of	 eelgrass	 was	 considered.	 This	 theoretical	
framework	finds	partially	isolated	clusters.	Identification	of	clusters	is	
formulated	as	a	minimization	problem	with	a	tunable	penalty	term	for	
merging	clusters	 that	makes	 it	possible	 to	generate	population	sub-




2.9 | Isolation by “sea distance” and 
oceanographic distance
To	test	 for	 IBD,	we	correlated	genetic	distance	with	 “sea	distance,”	
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best	 correlated	with	 (symmetric)	 geographic	 and	 genetic	 distance	
(Wrange	et	al.,	2016).	We	also	correlated	directional	dispersal	prob-
abilities	with	asymmetric	 (genetic)	migration	rates	 in	a	Mantel	test	
adapted	 for	 asymmetric	matrices	 (Matlab	 2016a,	Mathworks	 Inc).	
We	considered	dispersal	probabilities	for	single-	generation-	extant,	
multigeneration-	extant	 and	 multigeneration-	historic	 distributions.	
All	 dispersal	 probabilities	were	 log10-	transformed.	As	 some	 prob-
abilities	were	 zero,	 the	 transformation	was	 performed	 as	 follows:	
log10(single-	generation	 dispersal	matrix	+	1e-	10)	 and	 log10(multi-
generation	matrix/historic	multigeneration	matrix	+	1e-	30).
2.10 | Network analyses
Network	 analysis	 is	 a	 graphic	 approach	 with	 many	 applications,	
one	of	which	 is	 to	understand	 landscape	patterns	of	 connectivity	
and	 prioritize	 areas	 for	 conservation	 (Engelhard	 et	al.,	 2016;	 and	
references	 therein).	 We	 used	 networks	 to	 examine	 connectivity	
both	for	genetic	(Dps)	and	oceanographic	distance	applied	to	mod-
elled	 dispersal	 probability	 matrices	 for	 single-	generation-	extant,	
multigeneration-	extant	 and	 multigeneration-	historic	 dispersal	
probabilities,	 and	 to	 highlight	 sites	 that	 are	 central	 to	 connectiv-
ity.	 Networks	were	 drawn	 using	 the	 R	 packages	 igraph	 (Csardi	 &	
Nepusz,	2006)	and	popgraph	 (Dyer,	2014),	where	nodes	represent	
populations	 and	 edges	 the	 pairwise	 distance	 among	 populations.	
Thresholds	 were	 chosen	 systematically	 following	 the	 “intermedi-
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(2016).	The	informative	and	intermediate	thresholds	were	as	follows:	
Dps	=	0.18,	 minimum	 single-	generation	 dispersal	 probability	=	2e-	
4,	 minimum	 multigeneration-	extant	 dispersal	 probability	=	2e-	14	



















balancing	 and	 positive	 selection	 (Figure	S1).	 As	 their	 exclusion	 did	
not	 alter	PCAs	 (Figures	S3	 and	S4),	 they	were	 retained.	A	PCA	 that	











3.2 | Genetic diversity and population differentiation
Genotypic	and	allelic	diversity	was	found	to	be	high	overall	(Figure	1	
and	Table	1)	 indicating	 a	 dynamic	 and	 diverse	 environment	 charac-








Further	 characterization	 of	 the	 genetic	 population	 structure	






Continuing	 on,	 the	 spatial	 Bayesian	 analysis	 in	 TESS	 suggested	
genetic	population	subdivision	into	three	clusters	(Kmax	=	3,	Figure	2),	




and	North	 St.	Överön	 (K-	SO)	 is	 located	 in	 the	Marstrand	 area.	The	
large	 (blue)	cluster	extends	over	the	entire	Kattegat	and	 includes	all	
Danish	 sites.	Additionally,	 a	gradient	 from	south	 to	north	 is	evident	
in	the	blue	contours	of	Figure	2a,	where	the	more	northern	sampling	
sites	represent	admixtures	with	the	red	clusters	(see	also	Figure	S7).	






and	 five	 identified	 as	 sinks.	 The	 genetic	 assignment	 test	 based	 on	
GENECLASS2	(Table	S9	and	Figure	S8b)	identified	31	first-	generation	




3.4 | Oceanographic dispersal based on 
particle modelling
The	biophysical	particle	modelling	 indicated	dispersal	up	 to	200	km	
in	a	 single	generation,	 consistent	with	other	estimates	 for	Z. marina 
(Harwell	&	Orth,	2002;	Källström	et	al.,	2008),	and	more	than	300	km	






Probabilities	 for	 multigeneration	 oceanographic	 dispersal	 based	
on	 the	present-	day	distribution	were	much	 lower	 than	 those	based	
on	 single	 generations,	 but	 there	were	 nonzero	 probabilities	 of	 dis-
persal	among	all	 sampling	sites	 (Figure	S10).	The	site	3-	HH	was	 the	
best	 source	 for	 particles,	while	 1-	ST	 and	 6-	LM	 supplied	 few	 parti-




6-	LM,	 6-	NH	 and	 4-	HO	 received	 considerably	more	 particles	 in	 the	
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past	 (Figures	S10–S12).	 Notably,	 the	 lowest	 dispersal	 probabilities	
increased	by	 two	orders	of	magnitude	compared	 to	multigeneration	
dispersal	based	on	the	present-	day	distribution	alone.
3.5 | Oceanographic dispersal barrier analysis
At	 the	 chosen	 threshold,	 the	minimization	 algorithm	 applied	 to	 the	
multigeneration	dispersal	matrix	 (including	 the	historic	habitat)	gen-
erated	 six	 oceanographic	 clusters	with	 partial	 barriers	 among	 them	
(Figure	2b).	 Connectivity	 within	 oceanographic	 clusters	 was	 ap-
proximately	 100	 times	 greater	 than	 among	 clusters.	 Four	 barriers	









3.6 | Isolation by “sea distance” and 
oceanographic distance
Geographic	 distance	 defined	 as	 “sea	 distance”	 (see	 Material	 and	
Methods)	 ranged	 from	 ~10	 to	 ~400	km.	 A	 significant	 pattern	 of	





















blue	 cluster	 formed	one	 large	 network,	while	 the	 populations	 from	
the	 green	 and	 red	 clusters	 fell	 out	 of	 this	 network	 (Figure	3a).	 The	
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assessed	 spatial	 scale.	 In	 contrast,	 the	 network	 based	 on	minimum	
multigeneration	 (32	generations	 and	 taking	 into	 account	 the	extant	
Z. marina	distribution)	was	similar	 to	 the	TESS	analysis	and	the	net-





2008).	 The	 oceanographic	 and	 genetic	 network	 analyses	 indicated	






4.1 | Distribution of genetic diversity of Z. marina in 






richness	are	found	 in	the	centre	of	 the	Skagerrak–Kattegat	 region	
around	the	Læsø	Islands	(7-	LS,	7-	480),	where	eelgrass	was	histori-
cally	abundant	 (Figure	1b).	These	observations	are	consistent	with	
probable	glacial	 refugia	 (Maggs	et	al.,	2008)	and	 the	original	post-
glacial	colonization	of	 the	nascent	North	Sea	basin	 (Hewitt,	2000;	
Maggs	 et	al.,	 2008;	 Olsen	 et	al.,	 2004)	 including	 the	 Skagerrak–
Kattegat,	when	the	current	system	was	established	ca.	8,000	years	
ago	(Gyllencreutz,	Backman,	Jakobsson,	Kissel,	&	Arnold,	2006).	At	
that	 time,	 the	 Baltic	was	 still	 an	 isolated,	 freshwater	 ice	 lake	 and	
colonization	of	both	areas	came	most	likely	from	the	south	(Ireland,	
Brittany,	 Iberian	 tip),	 although	 a	 high	North	 refugium	 in	 northern	
Norway	 cannot	 be	 ruled	 out	 for	 macrophytes	 in	 general	 (Coyer	



















tions	over	migration	due	 to	 the	 longevity	of	 clones	 (Arnaud-	Haond	
et	al.,	2014),	sporadic	recruitment	(Becheler,	Diekmann,	Hily,	Moalic,	




physical	 particle	 modelling.	 Single-	generation	 dispersal	 explains	 the	
differentiation	of	the	small	genetic	cluster	in	the	Marstrand	area	(red	
cluster	 in	 Figure	3b)	 and	 is	 significantly	 correlated	with	 asymmetric	
migration	 rates—but	 not	 with	 genetic	 differentiation	 (Dps;	 Table	2).	
Multigeneration	 dispersal	 explains	 a	 higher	 proportion	 of	 genetic	
differentiation	 and	 asymmetric	 migration	 rates	 (Table	2),	 and	 long-	
















Dps Asymm. mig. Dps Asymm. mig. Dps Asymm. mig. Dps Asymm. mig.
Corr .31 na −.1 .19 −.31 .34 −.59 .39









firmed	 by	 the	 few	 previous	 studies	 of	 population	 genetic	 structure	
in	 the	 Skagerrak	 and	 Kattegat,	 e.g.,	 for	 herring	 (Lamichhaney	 et	al.,	
2012),	harbour	porpoise	(Lah	et	al.,	2016)	and	cod	(Barth	et	al.,	2017).	




serve	 is	 located	 in	the	Marstrand	area.	This	has	not	been	previously	
reported—probably	 due	 to	 lack	 of	 geographically	 detailed	 sampling	
for	genetic	studies	in	the	area.	The	only	studies	in	the	Skagerrak	and	
Kattegat	that	used	both	genetic	and	biophysical	methods	found	high	








offshore	 populations	 from	 the	 island	 Læsø	 (7-	LS	 and	 7-	480)	 are	 of	






4.3 | Comparison of connectivity measures and 
temporal scales
The	 best	 fit	 among	 Mantel	 tests	 was	 obtained	 between	 ge-























Despite	 the	 documented	 high	 loss	 of	 eelgrass	 meadows	 in	 the	
area,	the	effect	is	not	visible	in	the	levels	of	genetic	diversity	and	dif-
ferentiation.	Thanks	to	the	availability	of	historic	distribution	data,	we	
















4.4 | Complementary value of genetic and 
biophysical models
Cross-	validations	 of	 the	 genetic	 and	 oceanographic	 modelling	 data	
show	good	agreement	and	provide	different	 insights	 into	the	struc-












tinct	 advantage.	When	 historical	 distribution	 records	 are	 also	 avail-
able,	as	is	the	case	here,	predictions	of	where	populations	should	or	
could	 persist	 become	 very	 powerful.	 Biophysical	 models	 also	 offer	
better	 spatial	 coverage	 than	 is	 feasible	with	most	 genetic	 sampling	
efforts.	The	main	shortcoming	of	biophysical	models	is	that	they	say	
nothing	 about	 demographic	 history,	 adaptive	 potential	 or	 genetic	
health	 of	 the	 species	 in	 question.	 In	 terms	 of	 resource	 investment,	
initial	 front-	end	 development	 of	 suitable	 oceanographic	 models	 is	
both	 time-	consuming	and	cost-	intensive,	 and	 limited	 to	 the	 specific	
region	of	interest.	In	the	absence	of	such	oceanographic	models,	ge-
netic	surveys	remain	the	best	alternative.	Microsatellite	markers	are	
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tion	 management.	 Here,	 both	 the	 genetic	 and	 hydrodynamic	 con-
nectivity	 assessments	 identified	 dispersal	 barriers,	 creating	 distinct	







each	 of	 the	 three	 genetically	 distinct	 clusters	 and	 their	 biophysical	
































local	meadows	 constitute	 good	 donor	material	 for	 restoration	 (e.g.,	
Reynolds	et	al.,	2012),	while	transplantation	from	other	areas	should	
be	avoided	(e.g.,	Kettenring,	Mercer,	Reinhardt	Adams,	&	Hines,	2014).	
In	 fact,	 this	 study	 shows	 that	 genetic	 diversity	 and	 connectivity	 of	
Z. marina	in	the	Skagerrak–Kattegat	seem	to	be	generally	in	a	healthy	
state,	 but	 assessment	 such	 as	 this,	 in	 addition	 to	 assessments	 on	 a	





networks	 (covering	 approximately	 15%	 of	 the	 Skagerrak–Kattegat;	
Moksnes	et	al.,	2014),	recovery	has	been	very	limited,	and	losses	con-
tinue	 (Boström	 et	al.,	 2014;	Moksnes	 et	al.,	 2016).	Thus,	 protection	





tory	 fish	 that	would	 restore	 the	 trophic	structure	of	coastal	ecosys-
tems	 (Östman	et	al.,	2016),	measures	 that	can	break	self-	generating	




eelgrass	 lost	 or	 damaged	 during,	 for	 example,	 coastal	 exploitation	
(Moksnes	et	al.,	2016).
5  | CONCLUSIONS
Our	 analysis	 supports	 the	 notion	 that	 passive	 rafting	 of	 flowering	





is	 best	 explained	by	 connectivity	 considering	 the	historic	Z. marina 
distribution.	This	“ghost	of	dispersal	past”	is	also	evident	in	the	dis-
tribution	of	 allelic	 richness,	where	highest	diversity	 is	 found	 in	 the	
Læsø	 Island	 area,	where	major	 historic	 losses	 occurred.	Using	 two	
complementary	 methods	 to	 assess	 connectivity	 enabled	 us	 to	 in-
vestigate	and	compare	dispersal	and	migration	patterns	at	different	
temporal	scales.	In	this	study,	we	found	strong	concordance	among	
the	 two	methods	 in	 detecting	 sources,	 sinks	 and	 connectivity	 pat-
terns.	 This	 information	 can	 be	 used	 to	 pinpoint	 areas	where	 local	




nectivity	 has	 become	 limited	 over	 the	 last	 decades.	 Such	 informa-
tion	is	additionally	helpful	for	marine	spatial	management	to	pinpoint	
geographic	 areas	where	 there	 is	 a	 need	 to	 improve	 environmental	
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